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We report on the first frequency ratio measurement of an 115In+ single ion clock and a 87Sr optical
lattice clock. A hydrogen maser serves as a reference oscillator to measure the ratio by independent
optical combs. Over more than 90 000 seconds of measurement time, the frequency ratio fIn+/fSr
is determined to be 2.952 748 749 874 863 4(21) with relative uncertainty of 7.0×10−16. The
measurement creates a new connection in the network of frequency ratios of optical clocks.
Recent progress of optical clocks based on trapped ions
and neutral atoms has made their uncertainties much
smaller than those of the best cesium frequency stan-
dards [1–3]. Now a new definition of the SI unit of time
using the optical clocks has become realistic. Consulta-
tive Committee for Time and Frequency (CCTF) drafted
a roadmap to the redefinition of the SI second, where as
a prerequisite to the new definition it requires measure-
ments of frequency ratios between different atomic transi-
tions as well as the reproducibility of the clocks in differ-
ent laboratories both with uncertainty matching that of
the best clocks. Frequency ratios have been reported (in
references [4–10] among others) for comparisons of differ-
ent combinations of ion clocks and optical lattice clocks,
or even for different transitions in the same ion. How-
ever, a large number of frequency ratios has still never
been measured directly.
The indium ion (115In+) is one of the original candi-
dates in the first proposal for single ion clocks [11]. At
237 nm, it has the highest clock frequency of all presently
investigated optical clocks [2], and high transition ener-
gies give it a very small sensitivity to blackbody radia-
tion (BBR), comparable to that of 27Al+ [12]. A small
quadrupole moment enables multi-ion clocks with en-
hanced stability [13]. Despite the appeal of the 115In+
ion, spectroscopic determination of the clock frequency
[14–16] and clock operation by feedback to the clock laser
[17] have been achieved only recently. A recommended
value for the 115In+ clock frequency has been included
in the list of standard frequencies [2], but no frequency
ratio to another optical clock is available so far. Here we
report the first such measurement, with an uncertainty
of 7.0×10−16.
The measurement is performed using an 115In+ optical
clock [16, 17] and the 87Sr optical lattice clock NICT-
Sr1[18], located in the same building. The 115In+ opti-
cal clock probes the 1S0–
3P0 transition at 237 nm in an
ion sympathetically cooled with a 40Ca+ ion in a linear
trap. The clock laser pulses are generated by two-stage
frequency doubling of a diode laser at 946 nm stabilized
to an ultra-low expansion (ULE) cavity. The fundamen-
tal frequency is steered such that the quadrupled fre-
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quency probes the 1S0, mF = ±9/2 to
3P0, mF = ±7/2
transitions. The 87Sr clock uses approximately 1000 87Sr
atoms loaded into a vertically oriented one-dimensional
optical lattice after two-stage laser cooling and achieves a
systematic uncertainty of 7×10−17 in this measurement.
The details of the clocks are described in the previous
reports [16–18].
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FIG. 1. Schematic representation of the frequency ratio mea-
surement. The optical frequencies of the 115In+ clock and
the 87Sr clock are recorded as beat notes with independent
optical frequency combs locked to a common hydrogen maser
(HM). Optical comb 2 is also used to stabilize the frequency
of an auxiliary laser. SHG; second harmonic generation.
The schematic representation of the frequency ratio
measurement is depicted in Fig.1. The measurement em-
ploys two independent Er-doped fiber frequency combs.
One of them is configured to perform long-term mea-
surements of the Sr clock transition frequency, using a
subharmonic laser at 1397 nm to generate a comb beat
signal (optical comb 1). The other (optical comb 2) is
equipped with spectral broadening and frequency dou-
bling systems for generating optical beat signals with the
fundamental wavelengths of 946 nm used by the 115In+
clock laser and 922 nm used to provide long-term stabil-
ity for an auxiliary laser employed in state preparation
and detection.
With repetition rate fr and carrier-envelope offset
2fCEO phase-locked to the HM signal, the comb line fre-
quencies fn = n× fr + fCEO of both combs faithfully re-
produce the behavior of the HM microwave signal within
the optical regime. It is convenient to describe frequen-
cies f = f0(1+y) in terms of a small fractional deviation
y from a nominal value f0. When all frequency offsets and
multiplications are accounted for in the calculation of f0,
then the small residual y is independent of frequency, and
a HM deviation yHM is equally reproduced in the comb
lines serving as reference to the two clocks, where they
appear as ∆yIn+ = yIn+ − yHM and ∆ySr = ySr − yHM.
In the absence of excess noise, the HM contribution is
eliminated in the difference ∆yIn+ −∆ySr = yIn+ − ySr ≃
R/R0 − 1. Here R = fIn+/fSr is the desired frequency
ratio, while R0 = fIn+
0
/fSr0 is the ratio of nominal values
where we adopt 2017 CIPM recommended frequencies
[2]. The HM deviation is typically of order 10−12, such
that the approximation yields no loss in accuracy.
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FIG. 2. Allan deviation of the ratio R(t). We fit the results
for the interval between the clock servo attack time and the
length of daily operation (solid line), and extrapolate to find
the statistical uncertainty ua = 4.9 × 10
−16 for the full mea-
surement time (open circle).
With two independent frequency combs, the residual
noise of the comb stabilization and imperfect synchro-
nization of the frequency measurement intervals intro-
duce excess instability, as observed in the Allan deviation
σy(τ) of R, shown in Fig.2. The short-term behavior is
consistent with the HMs instability σy(1 s) ≃ 1.3×10
−13.
The measurement reaches the instability of the free-
running In+ clock laser at an averaging time τ ≃ 200 s.
After this point, the calculated Allan deviation repre-
sents the instability of the 115In+ clock, which improves
as σy(τ) ≃ 3.0 × 10
−12(τ/s)−0.8 beyond the servo at-
tack time of 1000 s to reach σy(22 000 s) = 9.9 × 10
−16
for a typical measurement. We extrapolate the insta-
bility according to σy(τ) ∝ τ
−1/2 for white clock fre-
quency noise, and find an overall statistical uncertainty
of ua = 4.9× 10
−16 for 90 157 s of overall data.
The results are shown in Fig.3 in terms of the rela-
tive deviation ∆ySr determined from the clock laser beat
with the nearest comb line and binned over a 10 s inter-
val. With a flicker-noise floor close to 2×10−16, the HM
then serves as a flywheel oscillator that can bridge even
extended interruptions in Sr clock operation without de-
grading the stability. ∆yIn+ is determined in the same
way for the four days of Mar 17–20 2020. The combined
data is then used to determine R(t).
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FIG. 3. Frequency measurements of 115In+ and 87Sr clocks.
Results are shown as fractional deviation after subtracting
a common baseline of 1.2×10−12 to accommodate the mean
HM frequency yHM=1.2001×10
−12 . The blue ’+’ symbols
represent ∆yIn+ while the red ’×’ symbols represent ∆ySr.
The systematic uncertainty evaluation of the In+ clock
is largely identical to our previous report[16]. However,
the clock frequency is now determined by actively sta-
bilizing the clock laser to represent the center of two re-
solved transitions between Zeeman sublevels where it was
previously determined from spectra obtained by laser fre-
quency scans across unresolved transitions over degener-
ate Zeeman sublevels. A dynamic application of mag-
netic field during the clock laser irradiation periods [17]
serves to separate the transitions between the Zeeman
sublevels (1S0 mF = ±9/2 to
3P0 mF = ±7/2). This
simultaneously allows precise determination of the mag-
netic field using the known g-factors of the upper and
lower energy levels [13]. The quadratic Zeeman shift is
estimated to be 8 mHz using the magnetic field value
and the known coefficient[13]. Another improvement is
a reduction of the 2nd order Doppler shift due to secular
motion. An auxiliary laser derived from a fundamen-
tal wavelength of 922 nm addresses the 1S0–
3P1 transi-
tion at 230 nm. Normally used for optical pumping and
state readout, we inserted a pulse of this laser for direct
cooling of the In+-Ca+ motion along the linear trap axis
just before the clock interrogation period. The natural
linewidth of 360 kHz allows a much lower temperature
than the cooling of the 40Ca+ ion on the 22 MHz wide
2S1/2–
2P1/2 transition. The effect is confirmed by the
observed suppression of the red motional sideband. The
3TABLE I. Shifts and uncertainties in In+ system as well as
frequency link to the SI second. BBR; blackbody radiation,
S.M.; secular motion, M.M.; micromotion.
Effects Shift Uncertainty
(10−16) (10−16)
2nd order Zeeman shift 0.06 < 0.1
Clock laser Stark shift −0.03 < 0.1
BBR shift −0.27 < 0.1
2nd order Doppler (S.M.) −0.004 3.9
2nd order Doppler (M.M.) 0 3.1
In+ systematics −0.24 5.0
In+ statistics 4.9
In+ total 7.0
Gravitational shift 82.7 0.2
HM extrapolation 2.4
UTC(NICT)−UTC 2.3
UTC extrapolation (25 days) 1.8
UTC−SI second 1.3
Overall total 8.1
temperature of the in-phase mode estimated from the
ratio of the blue and red sidebands [19] is about 70 µK.
Although the implementation of the cooling is currently
limited to one degree of motional freedom, the uncer-
tainty is reduced from 0.7 Hz to 0.5 Hz with this im-
provement. The BBR shift is estimated to be −34 mHz
by temperature measurement of the trap electrode dur-
ing operation. The overall systematic uncertainty budget
is listed in table I, with a total fractional uncertainty of
ub
In+
= 5.0× 10−16 corresponding to 0.6 Hz The Sr clock
contributes a systematic uncertainty of ubSr = 7.4×10
−17
as described in reference [18]. Combined with ua =
4.9×10−16, this yields an overall fractional uncertainty of
7.0×10−16, and we determine the optical frequency ratio
to be R = 2.952 748 749 874 863 4 (21).
Since the reference HM is a part of the Japan Stan-
dard Time System (JST) at NICT [20], its frequency can
also be traced to the SI second, allowing for an absolute
measurement of the 115In+ clock frequency. This begins
with the fractional frequency deviation of the interna-
tional timescale UTC, determined by the International
Bureau of Weights and Measures (BIPM), and published
for the period of Feb 25 to Mar 31 2020 in volume 387 of
its monthly Circular T. Based on measurements of mul-
tiple primary and secondary frequency standards, the re-
ported value corresponds to yUTC = 5.2(1.3) × 10
−16.
We then use the stability of the international timescale
to extrapolate this value to a shorter 25 day interval, and
determine the frequency difference of UTC(NICT) rela-
tive UTC from the time delays published in the same
Circular T. From the 25 day interval, the stability of
the JST HM ensemble allows us to determine the mean
frequency of the reference HM for the time of the In+
measurements with an overall uncertainty of 4.0×10−16
[21]. Table I lists the individual uncertainty contribu-
tions along with the overall uncertainty of the absolute
frequency measurement. The absolute 115In+ clock fre-
quency is determined as 1 267 402 452 901 040.3(1.0) Hz,
representing a comparison to the SI second. With a frac-
tional uncertainty of 8.1 × 10−16, this is a six-fold im-
provement over our previous measurement based on In+
spectra with unresolved Zeeman sublevels. The result
falls outside the previously estimated uncertainty [16]
by about 1.4σ. While the source of the discrepancy is
not clearly identified, the possibility of errors from spec-
tral distortions has been the driving motivation in im-
plementing the new scheme of field application during
spectroscopy. This technique has eliminated this possi-
ble source of uncertainty.
To confirm the link to the SI second, we can also
calculate the 115In+ frequency from R and the CIPM
recommendation for fSr as f
′
In = R × fSr to find
1 267 402 452 901 040.1(1.0) Hz, also with a relative
uncertainty of 8.1×10−16. The difference of the 115In+
clock frequencies determined in these ways is 0.2 Hz
(1.6 × 10−16), and it is well within the additional un-
certainty of the frequency link to the SI second.
While the Doppler shifts from ion motion limit this
first optical ratio measurements of the 115In+ clock to
a fractional uncertainty of 7 × 10−16, extending the mo-
tional cooling scheme to all degrees of freedom together
with a more accurate evaluation of the residual micro-
motion will further reduce the uncertainty. Other uncer-
tainty contributions represent the statistical uncertainty
of in-situ measurements. These, along with the statisti-
cal contribution in any clock comparison, are expected
to dramatically improve with increased stability of the
clock laser. The current measurements only probe the
clock transition for less than 20 % of the cycle time. The
duty cycle of the clock interrogation will also increase
with a new photo-counting setup that will decrease the
time dedicated to state detection. With future improve-
ments, we hope to demonstrate the 115In+ clock as a
competitor to established candidates [22, 23], combining
the insensitivity to environmental effects found in 27Al+
with an interrogation scheme that does not require the
complexities of quantum logic techniques.
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